Abstract Elevated level of homocysteine (Hcy) called hyperhomocysteinemia (HHcy) is one of the major risk factors for chronic heart failure. Although the role of Hcy in cardiac remodeling is documented, the regulatory mechanism involved therein is still nebulous. MicroRNAs (miRNAs) and dicer have been implicated in regulation of cardiovascular diseases. Dicer is the only known enzyme involved in miRNA maturation. We investigated the involvement of dicer and miRNA in Hcy-induced cardiac remodeling. HL-1 cardiomyocytes were cultured in different doses of Hcy. Total RNA was isolated and RT-PCR and real-time PCR was performed for dicer, MMP-2,-9, TIMP-1,-3, and NOX-4. MiRNA microarray was used for analyzing the differential expression of miRNAs. Individual miRNA assay was also done. Western blotting was used to assess the MMP-9 expression in HHcy cardiomyocytes. The RT-PCR results suggest that dicer expression is enhanced in HHcy cardiomyocytes suggesting its involvement in cardiac remodeling caused due to high dose of Hcy. On the other hand, high dose of Hcy increased NOX-4 expression, a marker for oxidative stress. Additionally, HHcy cardiomyocytes showed elevated levels of MMP-2,-9 and TIMP-1,-3, and reduced expression of TIMP-4, suggesting cardiac remodeling due to oxidative stress. The miRNA microarray assay revealed differential expression of 11 miRNAs and among them miR-188 show dramatic downregulation. These findings suggest that dicer and miRNAs especially miR-188 are involved in Hcy-induced cardiac remodeling.
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Keywords MicroRNA Á Dicer Á Hyperhomocysteinemia Á Congestive heart failure Á Extracellular matrix remodeling Á Matrix-metalloproteinase (MMP) Á [1, 3, 4] . One of the plausible reasons behind its involvement in these diseases is its relationship with oxidative stress, a very basic biological system central to the variety of pathologies [5] . The moderate HHcy is nowadays considered as an independent risk factor for CVD, and is responsible for approximately 10% of total risks [1, 4, 6] . Although the clinical and experimental results confirmed the association of Hcy in chronic heart failure (CHF) [7, 8] , the mechanism underlying it is largely unknown. Experimental studies suggest HHcy as a causative factor for adverse cardiac remodeling leading to interstitial and perivascular fibrosis, and causes myocardial stiffness that ultimately results into CHF [9] [10] [11] [12] . Previous and recent investigations from our laboratory also shed light over the mechanisms of Hcyinduced cardiac remodeling [13] [14] [15] [16] . Nevertheless, the direct link between Hcy and CHF is still missing and needs further investigations. Recently, deep insight into CVD revealed that microRNAs (miRNAs or miRs) play pivotal role in regulation of genes involved in cardiac remodeling [17] [18] [19] [20] [21] [22] [23] . MiRNAs are a class of endogenous, conserved and noncoding RNA molecules of *22 nucleotides, which negatively modulate gene expression in plants and animals, primarily through base pairing to 3 0 untranslated region of target mRNAs leading to mRNA cleavage and/or translation repression [24] . The binding specificity of miRNA to its target is presumably dictated by 6-7 nt sequence from 5 0 region of miRNA, called ''seed'' sequence [25] , which nucleates binding to target mRNA, and allows more 3 0 region of miRNA for subsequent zippers up with the target mRNA [26] . The complementarity of seed sequence of miRNA to the target mRNA may determine the degradation of mRNA or translational inhibition [25] . MiRNAs can be derived from individual miRNA genes, introns of protein coding genes, or polycistronic transcripts [22] . They are transcribed by RNA polymerase II or III into primary miRNA (pri-miRNA), which are several kilobases long, capped (MGpppG), and polyadenylated [27] . The pri-miRNAs are processed in nucleus by RNase III enzyme drosha and the dsRNA binding protein pasha (also known as DGCR8), into a hairpin-shaped structure of 70-100 nt called preliminary-microRNA (premicroRNA). The pre-microRNAs are transported from nucleus to the cytoplasm by RAN-GTP and exportin 5 transport [18] , where they are processed by another RNase III enzyme, dicer. Dicer process pre-microRNA into a transient *18-24 nt duplex, which is loaded into the miRNA-associated multi-protein RNA-induced silencing complex that includes the Argonoute proteins [18, 28] . Out of the two strands, one strand of miRNA duplex is preferentially retained in the complex that finally becomes the mature miRNA, whereas the other strand also called passenger strand or miRNA* is degraded and eliminated from the complex [18, 28] . Some intronic miRNA precursors however bypass drosha processing to produce miRNA by dicer, possibly representing an alternative pathway for miRNA biogenesis [29] .
In human genome nearly thousands of miRNAs are encoded. They are estimated to fine tune the expression of nearly 30% of mRNA transcripts [30] , and thereby regulating almost all cellular functions. Recent investigations revealed its role in several pathological conditions [18] , indicating its great potential for therapeutics. Investigations on miRNAs thus opened a new era of genomics called microRNomics [31] .
The fact that dicer is the only known enzyme involved in maturation of all miRNAs has been established in various cell types including embryonic stem cells [32] , Germline cells [33] as well as specialized cell types, such as pancreatic islet cells [34] , immune cells [35] , neural cells [36] , and endothelial cells [37] . Dicer plays key roles in cardiomyopathy [38] , angiogenesis [23] , and endothelial cell function [37, 39] in a spatio-temporal manner. It has also been implicated in dilated cardiomyopathy and postnatal lethality [39] [40] [41] .
In heart, matrix-metalloproteinases (MMPs) maintain the balance of elastin and collagen ratio of extracellular matrix. In healthy condition, they remain in latent state. However, they are activated in stress condition causing misbalance of elastin/collagen ratio leading to fibrosis that culminates into heart failure [39, 42, 43] . The major role of tissue inhibitors of metalloproteinase (TIMPs) is to ameliorate the effect of MMPs in cardiac remodeling [44] . NADP oxidase (NOX) expression level is an indicator of oxidative stress; upregulation reflects higher oxidative stress and vice versa.
This study addresses two questions: (1) whether dicer and miRNA are involved in cardiac remodeling in HHcy cardiomyocytes and (2) implications of HHcy on miRNA biogenesis that is illustrated by differential expression of dicer.
Materials and Methods

Cell Culture and Treatment Groups
All the experiments were performed on HL-1 cell line, which were produced from murine cardiomyocytes and show all the properties of cardiomyocytes including contractility [45] . HL-1 cells were cultured in a special medium called Claycomb medium (JRH Biosciences, catalog #51800C, Lenexa, KS, USA), which is supplemented with 10% fetal bovine serum (Sigma-Aldrich, catalog #F2442, Saint Louis, MO, USA), 1% L-glutamine (Life Technologies, catalog #25030-081, Foster City, CA, USA), 1% norepineprine (Sigma, catalog # A-0937, Saint Louis, MO, USA), and 1% Penicillin-Streptomycin (Life Technologies, catalog #15140-122). For experimental purpose, cells were cultured with three different doses (control-zero, moderate-30 lM and hyper-100 lM) of Hcy in plain Claycomb medium and incubated at 37°C with 5% carbon dioxide; and RNA and protein was extracted after 24 h of incubation.
RNA Isolation, Reverse Transcription (RT), and RealTime PCR Total RNA including small RNAs was isolated from HL-1 cardiomyocytes following the protocol of mirVana RNA isolation kit (Ambion, Part number #AM1560, Foster City, CA, USA). Promega kit was used for RT-PCR and sybergreen method was applied for real-time PCR. The primers used for RT-PCR are shown in Table 1 . The PCR reaction programs used are as follows.
Reverse Transcription
Incubation of RNA with oligo dT at 70°C for 6.00 min. The RT cycle was 25°C for 2.00 min, 42°C for 50.00 min, 75°C for 5.00 min, 4°C for ever.
PCR program for amplification of cDNA was:
Real-time PCR for amplification of cDNA using sybergreen dye was:
Western Blotting For Western blot analyses, cells were washed with phosphate buffered saline and lysed in Ripa buffer (Boston BioProducts, Worcester, MA, USA) supplemented with protease inhibitor cocktail (Sigma, catalog #P8340, Saint Louis, MO, USA). Protein concentration was determined by Bradford assay using Bio-Rad protein assay dye (BioRad Laboratories, Hercules, CA, USA; catalog #500-0006) using the softmax software and Molecular devices (CA, USA) machine. Equal amounts of protein (15 lg) were subjected to 10% SDS-PAGE and transferred to PVDF membrane (Bio-Rad laboratory). Immunoblotting was performed using antibodies of MMP-9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Secondary antibody was applied and blots were developed using ECL plus substrate (GE Healthcare, Piscataway, NJ, USA). Densitometry analyses were carried out on Western blots using UMAX Power Lock II program (Taiwan, ROC).
MicroRNA Assay
Total RNA was isolated by miRVana method in the same manner as applied for the RT-PCR. Purity of RNA was assessed by Nano-Drop, and only highly pure RNAs (ratio of 260/280 [ 1.8 and 260/230 [ 1.8) were used for downstream assay. RT-PCR was performed by Megaplex without pre-amplification of miRNA method (Applied Biosystems, Foster City, CA, USA). The microarray assay was performed on 384 miRNA probe using 20 times diluted cDNA (Megaplex RT-PCR product), and following the protocol of manufacturer (Applied Biosystems). The real-time data were analyzed by using SDS RQ manager software provided by Applied Biosystems. Individual miRNA expression was analyzed by using individual miRNA primers specific for RT and real-time reactions following the protocol of Taqman miRNA assays (Applied Biosystems).
Megaplex RT program:
Results
RT-PCR for Dicer Expression in HHcy Cardiomyocytes
The RT-PCR of dicer was performed on control (without Hcy treatment), 30 lM Hcy treated (mild dose), and 100 lM Hcy-treated (high dose) cardiomyocytes. There was an increase in dicer expression in a dose-dependent manner of Hcy. The expression of GAPDH, a loading control, among the three groups was same (Fig. 1a, b) . 
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Real-Time PCR for Dicer Expression in HHcy Cardiomyocytes
To understand the quantitative value, real-time PCR was performed on the same group of cardiomyocytes. For endogenous control, GAPDH was used. It is evident from The semi-quantitative RT-PCR among the three groups (control, mild Hcy, and high Hcy) of cardiomyocytes revealed that MMP-2 as well as MMP-9 expression was increased with treatment of Hcy in a dose-dependent manner ( Fig. 3a-d) . There was no change in GAPDH (the loading control) expression among the three groups. The TIMP-1 and TIMP-3 expression showed the similar pattern of expression as MMP-2,-9 ( Fig. 4a-d) . However, TIMP-4 decreased in expression with higher dose of Hcy (Fig. 5a,  c) . The expression of NOX-4 was increased with high dose of Hcy (Fig. 5b, d ). The loading control was GAPDH in all the RT-PCR amplification.
Western Blotting for MMP-9 Expression in HHcy Cardiomyocytes
The protein expression of MMP-9 was upregulated at higher dose of Hcy in cardiomyocytes. The constitutive protein GAPDH was used as a loading control, which is equally expressed among control, mild dose (30 lM) and high dose (100 lM) of Hcy-treated cardiomyocytes (Fig. 6a, b) .
MiRNA Microarray Expression Profile
The microarray analyses of miRNAs revealed differential expression of nearly 11 miRNAs (Fig. 7 ) of which 4 miRNAs were downregulated (higher and positive 'ct' value) and 6 miRNAs were upregulated (lower and negative 'ct' value). Interestingly, miRNA-188 shows significant decrease in expression in HHcy cardiomyocytes (Fig. 7) . The snoRNA 202 was used as endogenous control and the 'ct' value of all miRNAs in the array was normalized with snoRNA 202.
Individual miRNA Assay
The real-time PCR of miR-188-5p showed decreased expression (higher 'ct' value) in HHcy cardiomyocytes. The 'ct' value of both control and HHcy cardiomyocytes were shown in the figure (Fig. 8) . The snoRNA 202 was used as endogenous control and its 'ct' value for both control and HHcy was almost equal to 22.
Statistical Analyses
The data were expressed as mean and standard error from experiments performed four times using different RNA/ protein samples. Student's t-test was used to analyze the significant difference in mean values of the samples. The difference of mean between two samples was considered significant if the P-value was \0.05.
Discussion
Although the role of miRNA in CVDs has been well documented [18] and Hcy has been established as independent risk factor for CVDs [41] , the implications of miRNAs in HHcy is still unexplored. We have made an attempt to investigate the involvement of miRNAs and dicer in HHcy cardiac remodeling leading to heart failure. Increase in dicer (enzyme required for maturation of miRNAs) in high dose of Hcy suggests high demand of miRNAs required for maintaining the regulation of genes involved in cardiac remodeling.
Extracellular Matrix Remodeling in HHcy Cardiomyocytes
The elevated level of Hcy causes extracellular matrix remodeling through alteration in elastin/collagen ratio [46] . 
TIMP-4 and NOX-4 Expression in HHcy Cardiomyocytes
The fact that Hcy causes oxidative stress has been assessed through expression of NOX-4 (a signature of stress) and TIMP-4 (a signature of anti-stress in heart). Interestingly, there was upregulation of NOX-4 and downregulation of TIMP-4 expression in HHcy cardiomyocytes ( Fig. 5a and Western Blotting for MMP-9
To confirm whether RNA expression is also translated at protein level, Western blotting was performed for MMP-9.
As expected, the expression pattern of MMP-9 at protein level is consistent with that at RNA level, and is enhanced in HHcy cardiomyocytes in a dose-dependent manner (Fig. 6a, b) . MiRNAs act both at mRNA level using RNAi mechanism as well as at protein level by interfering with the translational pathways. Interestingly, the results from Figs. 3 and 6 suggest that miRNAs regulate MMP-9 at mRNA and not at protein level through post-transcriptional modification. The alteration at protein level due to change in the expression of mRNA extends further support to the fact that MMP-9 expression increases at high dose of Hcy. Further, Figs. 3 and 6 demonstrate that there is a drastic increase in the MMP-9 mRNA level with minimal changes at the protein level. These data revealed the differential role of transcription versus post-translational modifications of the protein in pathogenesis of CVDs. However, there are several regulatory steps between transcription and translation. One reason for decrease in the expression of MMP-9 at protein level while comparing to the RNA level may be the contribution of the regulatory steps. Additionally, there were biological variations among the samples. One of the plausible causes in variation at the level of mRNA and protein might be the biological variations in the individual HL1 cardiomyocytes as we used separate treatment samples for extracting proteins and RNAs.
MiRNA Expression Profile
After confirming the hyperhomocysteinemic condition of cardiomyocytes through the signatures of oxidative stress and cardiac remodeling, high dose of Hcy was applied on HL-1 cardiomyocytes and miRNAs expression was assessed by using 384 miRNA microarray probes. The cDNA samples from control (without Hcy) and HHcy (100 lM/ml Hcy) cardiomyocytes were used for the real-time PCR. The analyses of results revealed differential expression of 11 miRNAs where 7 miRNAs were upregulated and 4 were downregulated (Fig. 7) . The negative 'ct' value represents downregulation, whereas the positive 'ct' value represents upregulation of miRNAs. Interestingly, miR-188-5P shows dramatic downregulation in HHcy cardiomyocytes (Fig. 7) , suggesting its putative involvement in HHcy. Here, it is germane to mention that ''ct'' value is inversely proportional to expression level that is high ''ct'' value means low expression and vice versa. To confirm the microarray data, individual miR-188 Taqman assay was performed. The results from individual assay using snoRNA202 as endogenous control for real-time PCR amplification of miR-188-5P showed the downregulation of miR-188 in HHcy cardiomyocytes (Fig. 8) . Therefore, miR-188 might be a candidate for HHcy cardiac remodeling. However, it is premature to conclude the direct implication of miR-188 in HHcy cardiac remodeling. HHcy engenders reactive oxygen species that causes oxidative stress, which is indicated by increase in NOX-4 expression (Fig. 5b, d ). The stress condition induces extracellular matrix remodeling indicated by increase in expression of MMP-2,-9 (Figs. 3a-d and 6a, b) as well as TIMP-1,-3 ( Fig. 4a-d) . The decrease in expression of TIMP-4 (Fig. 5a, b ) further supports remodeling due to stress generated by high dose of Hcy. To retain the normal expression of genes and for reversal of remodeling, miRNAs (the regulatory molecule) synthesis increases, which is reflected from increased expression of dicer in HHcy (Fig. 1a, c) . Therefore, increase in dicer expression in cardiomyocytes is an indication of attempt of miRNAs for reversal of cardiac remodeling to maintain the healthy condition of heart. This result supports the finding that dicer expression increases in heart failure patients treated with left ventricular assistance device, where heart tries to revert to normal condition [40] .
Dicer being the terminal enzyme of miRNA biogenesis, upregulation in its expression in HHcy cardiomyocytes indicates global increase in miRNAs synthesis, suggesting involvement of miRNAs in regulation of cardiac remodeling caused due to high dose of Hcy. The results of differential expression of miRNAs from control (without Hcy) and experimental (high dose of Hcy) cardiomyocytes further extend support to the fact that miRNAs are implicated in Hcy-mediated heart failure (Fig. 7) . The putative candidate is miR-188. There are two types of miR-188: miR-188-3p and miR-188-5p. The ''3p'' indicates the 3 prime end, whereas ''5p'' points to 5 prime end of the same miRNA. The individual miR-188-5P assay pin points the putative implication of miR-188 in HHcy cardiomyocytes.
In normal homeostatic condition, there is a differential expression of miRNAs because in one hand decrease in expression of certain miRNAs is essential for maintaining healthy condition, whereas on the other hand increase in certain miRNAs is required for homeostasis. The increase/ decrease in dicer expression globally increases or decreases the expression of all miRNAs by increasing/decreasing their expression in the same pattern as they were in healthy condition. Dicer cannot alter the expression of a specific/ individual miRNA. In Hcy-treated cardiomyocytes, the increase in dicer expression suggests that maturation of all miRNAs was induced as more regulatory molecules (miRNAs) were required to take over the remodeling process. However, the differential expression of miRNA (especially miR-188) represents the effect of Hcy on miRNA expression, which is independent of the effect caused by dicer.
Limitations
Although there is changes in the expression of dicer and miRNA-188 in hyperhomocysteinemic cardiomyocytes suggesting their involvement in cardiac remodeling at high dose of Hcy, there is no data supporting direct cause and effect relationship. Additionally, we do not know the exact mechanism of regulation of dicer and miRNAs in HHcy. The gain-of-function and loss-of-function experiments are under investigation, where miR-188 mimic will be used to enhance the expression level of miR-188 in hyperhomocysteinemic cardiomyocytes, and the amelioration in the cardiac remodeling will be assessed. Similarly dicer knock down using siRNA of dicer will be used to assess the direct role of dicer in hyperhomocysteinemic cardiomyocytes. Additionally, functional data are required to conclude the role of dicer and miR-188 in Hcy-mediated heart failure both at in vitro and in vivo levels (Fig. 9) .
Conclusion
HHcy is an independent risk factor for CVDs [41] and the regulatory mechanism of Hcy-mediated heart failure is not well understood. To our knowledge, it is the first report suggesting the involvement of miRNAs and dicer in Hcymediated heart failure. The functional assay using miR-188 mimic (the synthetic oligos) for ameliorating Hcy-induced cardiac remodeling will provide concrete support to the present results. Considering the tremendous therapeutic potential of miRNAs [18] , the present findings will provide a new platform to understand the microRNomics of HHcy. 
